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SHEAR BEHAVIOR OF CLAYEY INFILLED ROCK
JOINTS HAVING TRIANGULAR AND SINUSOIDAL
ASPERITIES
Ali Mirzaghorbanali1, Basanta Ghimire1, Ashkan Rastegarmanesh1,
Hadi Nourizadeh1, Kelvin Mcdougall1 and Naj Aziz2
ABSTRACT: Rock joints govern an important role in the overall stability of rock slope which may

be filled with infill material due to transported materials with water, weathering as well as joint
shearing. There are two methods of testing rock joint shear behavior, one is Constant Normal
Load (CNL), and another is Constant Normal Stiffness (CNS). The CNL is found suitable in
slope stability where sliding mass can move freely without any restriction while CNS is suitable
in underground excavation, pile socketed in rock and reinforced rock slope where the stiffness
of boundary restricts dilation during the shearing process. This study investigates the shear
behavior of clay infilled rock joints with triangular and sinusoidal asperities under CNL
conditions. The pair of triangular and sinusoidal asperities is Type 1T, Type 2T and Type 1S,
Type 2S respectively where prefix represent asperity height and suffix represent the type of
asperity. Joint Roughness Coefficient (𝐽𝑅𝐶) obtained from back-calculation of Barton equation
using experimental data is 7, 9, 9 and 12 for Type 1T, Type 2T, Type 1S and Type 2S
respectively. The direct shear test was performed on two campaigns, among these, was one
of understanding shear behavior of infilled rock joints under various normal loads and another
was the shear behavior of infill rock joints under various infill thicknesses. During the first
campaign shear behavior of clayey infilled rock joint fewer than three different normal loads
were tested. Likewise, in the second campaign shear behavior of clayey infill rock joint under
three infill thickness were performed. Overall this study provides better insights into shear
behavior clayey infilled rock joints having different joint morphology.
INTRODUCTION
Rock joints are mechanical breaks in the body of a rock mass due to a lack of significant tensile strength
where measurable and noticeable movement parallel to the plane of fracture is absent. Due to various
geological activities i.e., seismic activity, stress variation creates discontinuities such as rock joint in the
rock mass. Characterization of rock joints with respect to aperture, persistence, length, and spatial
connectivity has great importance for the overall strength of the rock mass (Shang et al. 2018). At the
same time surface roughness and infilled variation have an immense impact on rock mass shear
strength which is examined in this paper. There are two basic conditions for the determination of shear
behavior of rock joints, one is Constant Normal Load (CNL), and another is Constant Normal Stiffness
(CNS). Under CNL conditions the normal load remains constant during the shearing, while under CNS
conditions the shearing occurs at constant stiffness load. The application of CNL is in rock slope stability
and CNS is in underground excavation, pile socketed in rock and reinforced rock slopes. Figure 1 shows
the idealized triangular joint under CNL condition where shear force is applied under the constant normal
load. Figure 2 displays the applicability of CNL in slope stability where the upper sliding block of the
rock mass can freely move without any restriction.
The main aim of this study is to understand the shear behavior of clayey infilled rock joints having
triangular and sinusoidal asperities. The direct shear test was performed under CNL conditions to
achieve a shear behavior of clayey infilled rock joints which is the primary objective of this research.
Other key objectives of this study are following:


1

2

Performing a direct shear test under various normal loads on clayey infilled triangular artificial
rock joints samples having two different asperity heights at CNL conditions.
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Performing a direct shear test under various normal loads on clayey infilled sinusoidal artificial
rock joints samples having two asperity heights at CNL conditions.
Performing a direct shear test on various infill clay thicknesses on artificial triangular rock joint
under CNL condition. Performing a direct shear test on various infill clay thicknesses of on
artificial sinusoidal rock joint under CNL condition.

Figure 1: Idealized triangular rock joint under CNL condition

Figure 2: Example of rock slope stability (after Prashant 2015)
THEORETICAL BACKGROUND
Rock masses present in nature often consist of joints and discontinuities which produce the weakest
plane at the joint for sliding. The joint morphology can be a planner (smooth) or non-planner (rough)
depending upon mineralogy and origin (Mirzaghorbanali 2013). The magnitude of movement is
governed by the shear behavior of joints, which is the function of joint morphology. Overall, this section
deals with the review on Joint Roughness Coefficient (𝑱𝑹𝑪) on previous shear strength models and the
influence of infill material on the shear behavior of infilled rock joints.
Joint Roughness Coefficient
Firstly, Barton (1973) proposed a Joint Roughness Coefficient (𝐽𝑅𝐶) which can be determined through
the tilt test where the joint is tilted until the upper block moves under its self-weight. Based on the
recorded title angle 𝛼 0 , 𝐽𝑅𝐶 is calculated as:
𝐽𝑅𝐶 =

𝛼 0 − ∅𝑟
𝑙𝑜𝑔(

𝐽𝐶𝑆
)
𝜎𝑛𝑜

(1)

where, 𝜎𝑛𝑜 is effective normal stress due to gravitational force of the upper block which is given by
𝜎𝑛𝑜 = 𝛾ℎ cos 𝛼 0

(2)

where, ℎ is the thickness of the upper block.
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Alternatively, 𝐽𝑅𝐶 can be estimated by comparing the discontinuity with standard profiles, which range
from 0 to 20 as shown in Figure 3 (Barton and Choubey 1977).

Figure 3: Roughness profiles with corresponding JCR values (after Barton and Choubey 1977)
Review of clean rock joint models
Firstly, Coulomb (1776) described the rock shear strength model by the linear relationship between
shear stress and effective normal stress as friction law. But later it was found that the sliding equation
is not valid for the non-planner joint. In the case of smooth joints, the friction law is given as:
𝜏𝑝 = (3)𝜎𝑛 𝑡𝑎𝑛 ∅𝑝 +
𝑐𝑜
where, 𝜏𝑝 is peak joint shear strength, 𝜎𝑛 is the normal stress, ∅𝑝 is the peak friction angle and 𝑐𝑜 is
the cohesion. But in the case of the rough joint, Newland and Allely (1957) developed the shear strength
model as:
𝜏 = 𝜎𝑛 𝑡𝑎𝑛(∅𝑏 + 𝑖𝑜 )

(4)

where, 𝜏 is joint shear strength, ∅𝑏 basic is the friction angle and 𝑖𝑜 is the mean slope of the asperities
as shown in Figure 4.

Figure 4: Illustration of friction angle in triangular joint
There was a study by Patton (1966) where the shear behaviour of joints is investigated through regular
tooth shape asperities under CNL conditions and he proposed a bilinear shear strength model.
According to his failure envelope, two linear sections intersecting at transition stress 𝜎𝑇 are as shown
in Figure 5. The normal stress below 𝜎𝑇 , shear strength is governed by sliding along the asperities and
above the 𝜎𝑇 shear strength by shearing of asperities with 𝑐𝑗 .
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For sliding along joint asperities:
𝜏 = 𝜎𝑛 𝑡𝑎𝑛(∅𝜇 + 𝑖)
(5)

𝑤ℎ𝑒𝑛

𝜎𝑛 < 𝜎𝑇

For asperity breakage:
𝜏 = 𝜎𝑛 𝑡𝑎𝑛 ∅𝑟 + 𝑐𝑗

𝑤ℎ𝑒𝑛 𝜎𝑛 > 𝜎𝑇

(6)

where, ∅𝜇 is friction angle, ∅𝑟 is residual friction angle and 𝑐𝑗 is the cohesion of joint

Figure 5: Patton bilinear shear strength model (after Bahaaddini, 2014)
The bilinear relationship developed by Patton (1966) was replaced by Jager (1971) with the nonlinear
equation as:
𝜎𝑛

𝜏𝑝 = 𝜎𝑛 𝑡𝑎𝑛(∅𝑏 ) + (1 − 𝑒 𝜎𝑇 ) 𝑐𝑜

(7)

where, 𝜎𝑇 is transition stress described in Patton equation.
Barton (1973) developed the following empirical shear strength criterion based on the Joint Roughness
Coefficient(𝐽𝑅𝐶).
𝜏𝑝 = 𝜎𝑛 𝑡𝑎𝑛 [𝐽𝑅𝐶 𝑙𝑜𝑔 (

𝐽𝐶𝑆
𝜎𝑛

) + ∅𝑟 ]

(8)

where, ∅𝑟 is the residual friction angle and is estimated using the following relationship with Schmidt
hammer rebound on dry surfaces 𝑅 and wet surfaces 𝑟 (Barton and Choubey, 1977).
𝑟

∅𝑟 = (∅𝑏 – 200) + 20 ( )
𝑅

(9)

The value of 𝐽𝐶𝑆 is equal to the uniaxial compressive strength of rock mass, which is reduced by one
fourth on weathered joints (Barton, 1971). Miller (1965) suggested, the equation is based on the Schmidt
hammer rebound tests on a dry joint surface (𝑅) as follows:
log 𝐽𝐶𝑆 = 0.00088𝛾𝑅 +
1.01
where, 𝛾 is the dry density of rock in kN/m 3.
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Figure 6: shows the comparison of the shear strength models developed by Patton (1966), Jaeger
(1971) and Barton (1973).

Figure 6: Comparison among shear strength parameters of rock joints (after irzaghorbanali
2013)
Review of infilled rock joint models
Landanyi and Archambault (1977) proposed two different mathematical models for no breakage of
asperity and the breakage of asperity.
For no breakage of irregularities
𝜏 =

𝐶𝑢

+ 𝜎𝑛 𝑡𝑎𝑛(∅ +

(1−𝑡𝑎𝑛𝑖𝑡𝑎𝑛∅)

𝑖)

𝑡𝑎𝑛 𝑖 = 𝑚 ∗ 𝑡𝑎𝑛(𝑖𝑜 )
2

𝑡

(11)
(12)

2

𝑚 = (1 − ( ))

(13)

3 𝑎

where, 𝐶𝑢 is undrained shear strength parameter of clay infill, ∅ is friction angle of the joint, 𝑚 is
reduction factor varies between 0 to 1, 𝑡 is infill thickness and 𝑎 is asperity height.
For breakage of irregularities
𝑆 = 𝑚(𝑅 − 𝐶) + 𝐶

(14)

𝐶 = 𝐶𝑢 + 𝜎𝑛 𝑡𝑎𝑛 ∅𝑢

(15)

1

𝑅 𝑡𝑎𝑛 𝑖 = [1 −

𝜎 4
( 𝑛 ) ] 𝑡𝑎𝑛 𝑖𝑜
𝐶0

(16)

where, 𝑆 is the shear strength of the infill rock joint, 𝑅 is the shear strength of a clean rock joint, 𝐶is
the undrained shear strength of infill, ∅𝑢 is the undrained friction angle of the clay infill.
Likewise, Lama (1978) developed a logarithmic relationship to calculate peak shear strength in kPa
which is given by
𝜏𝑝 = 7.45 + 0.46𝜎𝑛 − 0.3 𝑙𝑛(𝑡)𝜎𝑛0.745

(17)

where, 𝜏𝑝 is the peak shear strength in kPa,𝜎𝑛 is normal stress in kPa and 𝑡 is the thickness of the
infill in mm.
Influence of infill materials
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Mirzaghorbanali (2013) mention various factors influencing the shear behaviour of rock joints as being
joint roughness, scale effects, boundary conditions, shear rate, pore water pressure, infill type and
thickness. Among these factors infill type and thickness is one of the major aspects of rock joint shear
behaviour. There are some classifications of natural rock joint infilled materials. Brekke and Howard
(1972) categorized joints into seven types based on infill materials name as healed discontinuities, clean
discontinuities, calcite discontinuities, coating of chloride, talc and graphite, inactive clay material,
swelling clay, and cohesionless. Similarly, Ladanyi and Archambault (1977) categorized infill materials
and joint types into four groups which are non-filled, coated, clay-like infilling and sand-like infilling.
Different types of infill have different properties that affect the shear behavior of rock joints.
EXPERIMENTAL SETUP
Mould design
The design of mould the to make a joint profile on the sample was one of the primary tasks of this project.
First of all, the three-dimensional shape of the mould was designed through Fusion 360 software as
shown in Figure 7. Fusion 360 is one of the products of the Autodesk company used for 3D design and
modelling. Following design these shapes were produced through 3D printing as shown in Figure 8. For
this study, two shapes were used which are triangular and sinusoidal. In the case of triangular asperity,
two different asperity heights of 1 mm and 2 mm were prepared with a constant asperity length of 10
mm. Similarly, sinusoidal asperities have also two different heights of 1 mm and 2mm, but asperity
length is different according to its height. A pair of moulds was prepared for each asperity height which
were then used to cast upper and bottom halves of the joint.

Figure 7: [left] Pair (upper and lower) of the triangular and sinusoidal joint tooth, [right-top]
Triangular mould, [right-bottom] Sinusoidal mould

Figure 8: [top] 3D printing of mould, [bottom] Mould produced from 3D printing
Sample casting
In general, massive rock samples cannot be tested in the lab, so scale models are required which is the
reduced version of real scale object (prototype). The casting of the model sample was one of the major
activities in this project which was further tested in the UCS and direct shear machine. In this project,
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cylindrical samples with asperity were cast by placing a 3D printed mould at the bottom of PVC tubes
which are shown in Figure 9. The specimen was needs to be cast with a 63 mm internal diameter with
an overall height of 36 mm to fit on the Shear Trac machine. Each specimen consists of a pair (top and
bottom) of cement grout samples which were placed on each other during the shear test. Cement and
sand grout was prepared in the ratio of 1:3, with 10 % water for the casting of the sample. After 28 days
of curing, samples got Uniaxial Compressive Strength (UCS) of 33 MPa.

Figure 9: [top] PVC tube attached with mould [bottom] Casting of sample
Infill material selection
In this project, organic Bentonite clay was used as infill materials as shown in Figure 10. This organic
Bentonite clay is a Sodium Bentonite formed from volcanic ash and sourced from the natural deposits
on ocean beds (Organic Bentonite Clay – Blants n.d.). Bentonite contains montmorillonite (a hydrous
silicate of alumina) mineral which is widely used as drilling mud in oil and gas wells and boreholes
(Sutherland 2014). Among the different rock joint infill Bentonite clay represents the swelling clay that
can absorb water amounts larger than its dry mass. Some of the basic properties of Sodium Bentonite
clay that were observed in this project are presented in Table 1.
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Figure 10: Commercially available Sodium Bentonite clay
Table 1: Infill Sodium Bentonite clay properties
Properties
Value
Remarks
Particle size (𝑑)
45 micron
Based on AS 1289.3.6.1:2009
Particle density ( ρ𝑠 )
2250 kg/m3
Based on AS 1289.3.5.1:2006
Moisture content (𝑤)
17.3 %
Based on AS1289.2.1.1:2005
Liquid limit (𝐿𝐿)
145
Based on AS1289.3.9.1:2015
Plastic limit (𝑃𝐿)
80
Based on AS 1289.3.2.1:2009
Shrinkage limit (𝑆𝐿)
35
Based on Plasticity Chart
Compression index (𝐶𝐶 )
0.4 (at 𝑤 = 149.5 %)
Based on AS1289.6.6.1:2020
Swell index (𝐶𝑠 )
0.07 (at 𝑤 = 149.5 %)
Based on AS1289.6.6.1:2020
′
Friction angle (∅ )
40 degree
Based on AS 1289.6.2.2:2020
Cohesion (𝑐 ′ )
0 kN/m2
Based on AS 1289.6.2.2:2020

Sample testing
The direct shear test was performed on samples as shown in Figure 11, with various normal load and
infill thicknesses. The direct shear test was done through the automatic Shear Trac-II shown in Figure
12. The Shear Trac-II has different components which are a computer, display unit, loading frame and
test furniture. The operation of this machine was conducted through responses receives from vertical
and horizontal transducers. Shear Trac-II is able to perform the shear test under both CNL and CNS
conditions. In the case of CNL normal the load applied to the sample the remains constant, but in the
case of CNS condition the spring with certain normal stiffness is kept constant during testing.

Figure 11: Samples used in the direct shear test
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Figure 12: Shear Trac-II testing machine
Figure 13 shows the infill thickness measurement, testing of infilled samples and dissipation of infill after
completion of the test. To determine the accurate shear behaviour of infilled rock joints, it was required
to avoid slide friction and the loss of infill material. During testing, there was a need for lateral
confinement to sustain high normal stress, which may cause spreading out of the infill materials from
the sample joints. Hence, the lateral confinement was applied during the consolidation process and
removed just before shearing.

Figure 13: [left] Infilled thickness measurement, [right-top] Testing of infill samples, [right bottom] dissipation of infill after completion of the test.
The experimentation had been conducted in two part Campaigns. In the first phase, clayey infilled rock
joint samples were tested under various normal loads and in the next campaign, clayey infilled rock
joints were examined under various infill thicknesses. All the required parameters were provided to the
computer prior to the test. Before the commencement of the test, calibration of the horizontal and vertical
position of the specimen, with respective to shear and normal loading arm was conducted. During the
testing, the respective shear and normal displacement were measured with the help of transducers and
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recorded on the computer. Figures 14 and 15 show configurations for testing of infill samples with
triangular and sinusoidal asperities.

Figure 14: Configuration of infill samples with having Triangular asperity.

Figure 15: Configuration of infill samples with having Triangular asperity.
Campaign 1
In this campaign the shear behaviour of the infilled rock joint was tested using various normal loads.
The ratio of infill thickness to asperity height (𝑡/𝑎) was maintained at one for all normal loads. The infill
Sodium Bentonite clay had a moisture content of 17.3% during testing. The infill rock joint samples were
tested under three constant normal loads 750 N, 1250 N and 1750 N which is equivalent to the normal
stress of 240 kPa, 400 kPa and 550 kPa. The shear rate during this campaign is maintained at the
constant rate of 0.5 mm/minute.
Campaign 2
In this campaign the shear behaviour of infilled rock joints was tested uusing various infill thicknesses.
The thickness of the infill clay layer was maintained at 0.5*𝑎, 𝑎 and 1.5𝑎, and the exact calculation is
shown in Table 2. The infill clay had a moisture content of 17.3%, similar to campaign 1. The infill rock
joint samples were tested under the normal load of 750 N corresponding to the initial normal stress of
240 kPa with a constant shear rate of 0.5 mm/minute.
Table 2: Infill thickness measurement table

S.N.

Sample
Name

Asperity
Type

Inclination
Angle (𝒊)

Asperity Base
Length (𝑻)

Ratio
(𝒕/𝒂)

Asperity
Infill
Height Thickness
(𝒂) mm
(𝒕) mm

University of Wollongong, University of Southern Queensland, February 2022

33

2022 Resource Operators Conference (ROC 2022)

1
2
3
4
5
6
7
8
9
10
11
12

1T
2T
1T
2T
1T
2T
1S
2S
1S
2S
1S
2S

Triangular
Triangular
Triangular
Triangular
Triangular
Triangular
Sinusoidal
Sinusoidal
Sinusoidal
Sinusoidal
Sinusoidal
Sinusoidal

11.31
21.8
11.31
21.8
11.31
21.8
45
45
45
45
45
45

10
10
10
10
10
10
3.14
6.28
3.14
6.28
3.14
6.28

0.5
1
1.5
0.5
1
1.5

1
2
1
2
1
2
1
2
1
2
1
2

0.5
1
1
2
1.5
3
0.5
1
1
2
1.5
3

RESULTS AND DISCUSSION
Normal Load Variation
Results on triangular asperities
Figure 16 shows the shear behaviour of infill triangular joint samples under the three constant normal
loads of 750 N, 1250 N and 1750 N. As shown in this graph, the peak shear stress developed for Type
1T is 251.68 kPa, 422.61 and 599.32 kPa at a corresponding normal stress of 244.15 kPa, 410.53 kPa
and 560.13 kPa respectively. Similarly, the residual shear stress developed for Type 1T at approximately
15 mm shear displacement is 142.95 kPa, 274.3 kPa and 434.37 kPa at a corresponding normal stress
282 kPa, 471 kPa and 636.28 kPa respectively. On the other hand, Type 2T have peak shear stress
374.23 kPa, 643.31 kPa and 684.17 kPa at a corresponding normal stress 245.57 kPa, 410.1 kPa and
600.5 kPa respectively. Likewise, the residual shear stress at approximately 15 mm displacement is
206.68 kPa, 356.36 kPa and 434.1 kPa for Type 2T at a corresponding normal stress 279.9 kPa, 470.26
kPa and 647.76 kPa respectively. Most of the time, the peak shear stress is developed at the initial
stage. For both Type 1T and Type 2, the normal stress is increased from 240 kPa to 290 kPa in the first
400 kPa to 490 kPa in the second case and 550 kPa to 650 kPa in the third case at an approximate 15
mm shear displacement. Overall, it is seen that stress is increased in a similar pattern when the normal
stress is increased.
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Figure 16: Shear behaviour variation with infill (𝒕/𝒂 = 𝟏) on triangular asperities: [left] Type 1T;
[right] Type 2T
Figure 16 also shows the dilation behaviour of Type 1T and Type 2T with three initial normal stresses
240 kPa, 400 kPa and 550 kPa. There is no asperity locking because the rough surface is levelled by
infill (𝑡/𝑎 = 1). At the initial stage, there is some consolidation of the infill, which allows contraction, but
later when shearing proceeds the dilation begins to start. For 1T maximum, normal displacements are
0.1378 mm, 0.1906 mm and 0.1617 mm at corresponding normal stress of 253.29 kPa, 422.88 kPa and
572.97 kPa respectively. Similarly, for Type 2T dilation moves up to 0.2384 mm, 0.2929 mm and 0.1667
mm at corresponding stresses 251.91 kPa, 467.86 kPa and 574.43 kPa respectively. In the initial stage,
dilation increases to maximum at around 5 mm of shear displacement, due to the accumulation of infill
material and begins to reduce, due to dissipation of infill materials. Then again dilation begins to increase
in most of the scenarios. Overall, peak dilation is noticed at around 5 mm shear displacement for both
Type 1T and 2T.
Results on sinusoidal asperities
Figure 17 shows the shear behaviour of infill sinusoidal joint samples under three constant normal loads
of 750 N, 1250 N and 1750 N. As shown in this graph, the peak shear stress developed for Type 1S is
281.94 kPa, 590.06 and 675.46 kPa at corresponding normal stress of 241.27 kPa, 403.18 kPa and
570.31 kPa respectively. Similarly, residual shear stress developed for Type 1S at approximately 15 mm
shear displacement is 186.6375 kPa, 296.83 kPa and 500.56 kPa at corresponding normal stress of
275.91 kPa, 470.34 kPa and 647.14 kPa respectively. On the other hand, Type 2S has peak shear
stress of 324.95 kPa, 523.68 kPa and 698.72 kPa at corresponding normal stress of 242.56 kPa, 403.12
kPa and 581.38 kPa respectively. Likewise, the residual shear stress at approximately 15 mm
displacement is 209.45 kPa, 373.171 kPa and 553.21 for Type 2S at corresponding normal stress of
282.44 kPa, 470.5 kPa and 647.4 kPa respectively. Peak shear stress is seen maximum at the initial
stage. For both Type 1S and Type 2S normal stress is increased from 240 kPa to 290 kPa in the first
400 kPa case to 490 kPa in the second case and 550 kPa to 650 kPa at approximate 15 mm shear
displacement. Overall, it is seen that the shear stress increases in a similar watwhen normal stress is
increased.
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Figure 17: Shear behaviour variation with infill (𝒕/𝒂 = 𝟏) on sinusoidal asperities: [left] Type 1S;
[right] Type 2S
Figure 17 also shows the dilation behaviour of Type 1S and Type 2S with three normal stresses of 240
kPa, 400 kPa and 550 kPa. At the initial stage, there is no asperity locking because the rough surface
is levelled by infill (𝑡/𝑎 = 1). Later, when shearing proceeds, the dilation begins to start due to the
accumulation of infill. For 1S the maximum normal displacement rises up to 0.1197 mm, 0.1831 mm and
0.1072 mm at corresponding stress of 260.1 kPa, 421.76 kPa and 597.81 kPa respectively. Similarly,
for Type 2S maximum dilation is moving up to 0.2128 mm, 0.1708 mm and 0.0726 mm at corresponding
normal stresses 264.11 kPa, 413.34 kPa and 598.47 kPa respectively. Most of the case dilation is
noticed at a maximum during the initial stage due to the accumulation of infill and then reduced due to
the spread out of infill material. Overall peak dilation is noticed higher at around 5 mm shear
displacement for both Type 1T and Type 2T.
INFILL THICKNESS VARIATION
Results on Triangular Asperities
Figure 18 shows the shear behaviour of various infill triangular joint samples under a constant normal
load of 750 N and a shear rate of 0.5 mm/min. As shown in this graph, shear stress is varies with shear
displacement in an almost similar pattern. For 1T, developed peak shear stresses are 200 kPa, 250 kPa
and 320 kPa at 0.5a, 1a, 1.5a infill thickness respectively. Likewise, peak shear stresses are 350 kPa,
340 kPa and 300 kPa for 0.5a, 1a, 1.5a infill respectively for Type 2T. This graph shows the opposite
behaviour in Type 1T and Type 2T. In general, peak shear stress decreases with an increase in infill
thickness, but in the case of Type 1T, due to the low asperity height along with experimental error leads
to different result. But in the residual stage, all of the infill thickness has almost the same shear stress,
in the case of normal stress which is increased from 240 kPa to 280 kPa for all tests. Figure 18 also
shows the variation of dilation with respect to shear displacement for three infill thicknesses of 0.5𝑎, 1𝑎,
1.5𝑎. For both Type 1T and 2Tthere is high dilation at 0.5,𝑎 due to infill thickness less than asperity
height.
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Figure 18: Shear behaviour variation with various infill thicknesses on triangular asperities:
[left] Type 1T, [right] Type 2T
Results on sinusoidal asperities
Figure 19 shows the shear behaviour of various infill sinusoidal joint samples under a constant normal
load of 750 N. As shown in this graph, the peak shear stress varies with shear displacement in a different
pattern. The peak shear stresses are 380 kPa, 280 kPa and 180 kPa for 0.5𝑎, 1𝑎, 1.5𝑎 infill thickness
respectively for Type 1S. Likewise, peak shear stresses are 350 kPa, 340 kPa and 300 kPa for 0.5𝑎,
1𝑎, 1.5𝑎 infill respectively for Type 2S, in the case of normal stress which is increased from 240 kPa to
280 kPa for all tests. Fig. 19 also shows the variation of dilation behaviour with respect to infill thickness.
Both Type 1S and Type 2S shows high dilation at 0.5𝑎, which is due to the infill thickness being less
than asperity height.
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Figure 19: Shear behaviour variation with various infill thickness on sinusoidal asperities: [left]
Type 1S, [right] Type 2S
DISCUSSION
Generally, a high Joint Roughness Coefficient (𝐽𝐶𝑅) can develop a high strength envelope. Figure20
shows the strength envelope for both triangular and sinusoidal asperities. There is the obvious result of
a higher strength envelope for higher asperity. In the case of friction angle, the strength envelope for
both triangular and sinusoidal shows approximately the same angle because asperity is filled with infill
(𝑡/𝑎 = 1) which means there is no asperity roughness on contact. Meanwhile, Figure 21 shows that
dilation is higher at an initial normal stress of 400 kPa in triangular asperities but in the case of sinusoidal
asperities, dilation is higher at a normal stress of 550 kPa. The different pattern found for these two
asperities is due to the amount of asperity breakage and filling as infill material. Overall, peak shear
stress is increased due to an increase in normal stress and dilation is recognized as the function of
asperity breakage.
Generally, high infill thickness develops low shear strength. Figure 22 shows developed peak shear
stress and dilation with respect to horizontal displacement. Peak shear stress is developed at the 1.5a
infill condition for Type 1T and 1a infill condition for 2T. On the other hand, the peak shear stress is
developed for 0.5𝑎 infill conditions for Type 1S and 2S. In the case of dilation, 0.5𝑎 infill condition gives
higher dilation as shown in Figure 23 because infill thickness is less than asperity height. The shear
behaviour of the infilled rock joints is the combined shear behaviour of the rock joint as well as the infill
material. The ratio 𝑡/𝑎 has an important role in the shear behaviour of infill rock joint shear behaviour
where 𝑡/𝑎 equal to unity, is the critical infill thickness. Basically, the shear strength of the infill rock joint
is governed by both the shear strength of the rock joint and infill material when 𝑡/𝑎 is less than one but
exceeding the unity value of 𝑡/𝑎, shear strength of infill rock joint is only governed by infill material
(Lama 1978). On the other hand, dilation of infill rock joint is governed by consolidation as well as
dissipation of infill during shearing. There is less possibility of asperity damage for higher 𝑡/𝑎 but below
unity of 𝑡/𝑎 higher possibility of asperity breakage. So, below unity of 𝑡/𝑎, the asperity breakage
product also works as extra infill material which ultimately affects dilation behaviour.
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Figure 20: Strength envelope for different asperity height: [left] Triangular asperity [right]
Sinusoidal asperity

Figure 21: Peak dilation variation with asperity morphology: [left] Triangular asperity [right]
Sinusoidal asperity

Figure 22: Variation in peak shear stress with respect to infill thickness: [left] Triangular
asperity [right] Sinusoidal asperity
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Figure 23: Variation in peak dilation with respect to infill thickness: [left] Triangular asperity
[right] Sinusoidal asperity
CONCLUSIONS
This paper aims to investigate the shear behaviour of infilled artificial rock joints under various normal
loads and infill thicknesses. The shear behaviour of the infill rock joint is not only dependent on the shear
behaviour of the joint alone, but it also depends on the shear behaviour of the infill material. The higher
normal load has a higher consolidation effect which alters the pore water pressure as well as dissipation
of infill materials. Alteration of infill conditions due to the variation in normal load leads to changes in the
shear behaviour of infill rock joints. From this study, it is found that the shear strength of the rock joint is
reduced due to the effect of infill thickness. On the other hand, dilation and contraction of infill material
governs normal displacement during the shearing of the infill rock joint.
This study reveals that infill thickness to asperity height ratio (𝑡/𝑎) equal to one is a critical condition
and, above this value joint asperity height does not affect shear stress and dilation. Contrary to this less
than unity of 𝑡/𝑎 has a combined effect of joint roughness and infill thickness in the overall shear
behaviour of infilled rock joint shear strength. From this study, the effect of joint morphology has less
effect on infill rock joint shear behaviour than that of clean rock joint shear behaviour. Only values less
than the critical unity value of 𝑡/𝑎 has both infills as well as asperity strength to be influenced by in
shear behaviour of whole infill rock. Further, it can be concluded that morphology and surface roughness
take an important role in the sliding and shearing of infill particles.
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